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Heavy neutron-rich nuclei close to N=126 were produced by fragmentation of a 1 A GeV 208Pb
beam at the FRS at GSI. The β-decay half-lives of 8 nuclides have been determined. The comparison
of the data with model calculations including an approach based on the self-consistent ground-state
description and continuum QRPA considering the Gamow-Teller and first-forbidden decays provide
a first indication on the importance of first-forbidden transitions around A=195. The measured data
indicate that the matter flow in the r-process to heavier fissioning nuclei is faster than previously
expected.
PACS numbers: 25.70.Mn, 27.80.+w, 23.40.-s, 21.10.Tg, 26.30.+k
The investigation of heavy neutron-rich nuclei in the
laboratory has been a challenging problem during the
last decades. In particular, the β-decay half-lives of nu-
clei on the astrophysical r-process path are of primary
importance for the full understanding of this process [1].
They define how rapidly the heaviest nuclei are synthe-
sized during the r-process, thus determining the strength
of fission cycling [2]. Moreover, these half-lives define
the matter-flow bottlenecks, which largely affect the r-
process abundance pattern. However, the scarce exper-
imental data on r-process nuclei, along with the large
discrepancies between theoretical predictions which dif-
fer by orders of magnitude, contribute to the difficulties
in understanding the astrophysical r-process. This is par-
ticularly true for the N ≈ 126 region far below the dou-
bly magic 208Pb, which remains a practically unexplored
territory. The half-lives of these nuclei determine the rel-
ative A = 195 r-process peak abundances as well as the
matter flow to even heavier nuclei.
In general there exist two complementary methods for
providing and for separating the nuclei of interest: the
in-flight [3] technique and the isotope-separation on-line
(ISOL) technique [4]. Both methods have extensively
been used for β-decay studies of r-process-relevant nu-
clei at different regions of the chart of the nuclides (e.g.
around 78Ni [5] and 130Cd [6]). The ISOL technique suf-
fers from specific difficulties for heavy neutron-rich nu-
clei. Elements between Hf (Z = 72) and Pt (Z = 78)
are difficult to extract from the production target due
to their low volatility, and for neutron-rich isotopes of
the adjacent heavier elements, the ISOL technique suf-
fers from an overwhelming isobaric contamination of iso-
bars with higher Z, which are produced with much higher
cross sections. Background suppression was achieved for
218Bi [7] as a peculiar case, by combining resonant-laser
ionization and the specific condition that the isotope of
interest is longer lived than the unwanted species. But
these conditions are not generally applicable.
The in-flight separation, which is used in the present
work, is universal, offering the advantage of fast (< 1µs),
highly efficient, chemistry-independent separation. By
tuning the magnetic fields of the separator, it is possible
to select the desired region on the chart of nuclides and
to perform experiments focusing either on one nucleus or
on a ‘cocktail’ with a controlled background. Contam-
inants due to the small fraction of inevitable secondary
reactions, produced during the stopping process, can be
eliminated by a further range selection at the implanta-
tion stage. As a consequence, the clean particle iden-
tification for each implanted nucleus permits the direct
correlation of an individual fragment with its subsequent
β decay on an event-by-event basis. Important progress
has been obtained during the last years profiting from
relativistic heavy-ion beams, which made it possible to
explore reaction mechanisms leading to the production of
heavy neutron-rich nuclei. Cold-fragmentation reactions
[8] opened a field not accessible by fission and form the
basis for the achievement of the present work.
The experiment, which aimed at exploring the pro-
duction of heavy neutron-rich nuclei close to the neutron
closed shell N = 126 and for measuring their β half-lives,
was performed at the fragment separator FRS [9] at the
Gesellschaft fu¨r Schwerionenforschung (GSI) in Darm-
stadt, Germany. A 208Pb primary beam of 1 A GeV,
delivered by the SIS18 heavy-ion synchrotron, was di-
rected to a beryllium target at the entrance of the FRS.
2FIG. 1: (Color online). Top: Particle identification plots cor-
responding to a FRS setting optimized to transmit 198Ir with
a mono-energetic degrader. The figure shows the total pro-
duction yield at the end of the FRS (a) and the ions which
were implanted in the 1mm-thick DSSD (b). Bottom: Time-
difference spectra between the 195Re nuclei implanted and the
first β-like event detected in the same strip, in forward- (solid
line) and backward-time (dashed line). In the inset, the time
structure of the beam is shown.
The reaction residues were identified by determining both
their atomic number Z and their mass-over-charge ratio
A/Z by means of the measurements of the energy loss,
the magnetic rigidities, and the time of flight (ToF).
After leaving the FRS, the ions were slowed down to a
few tens of A MeV in an aluminum plate and then im-
planted in an active stopper: a highly pixelated double-
sided 1mm thick Si detector array (DSSD) with a sur-
face of 20 × 5 cm2, covering the final image plane of
the FRS. The use of a mono-energetic degrader at the
FRS provided a large horizontal dispersion and a narrow
range distribution of the fragments in the active stop-
per [10, 11]. The horizontal dispersion allowed taking
advantage of the high pixelation of the active catcher to
avoid multiple implantations of nuclei in the same pixel.
The narrow range distribution of the fragments increased
the implantation efficiency and allowed to implant sev-
eral nuclides in a thin active stopper (< 1 mm) at the
same time. The identification plot of the nuclides leav-
ing the FRS for a magnetic setting centred on 198Ir is
shown on the left upper part of Fig. 1. The correspond-
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FIG. 2: (Color). Chart of the nuclides around N = 126. The
color scale indicates the known β half-lives [13], while the
circles correspond to the experimental values determined in
this work. Empty boxes mark nuclei, identified in the present
experiment, with no experimental half-life information avail-
able. The solid line denotes the limit of previously known
nuclides and dashed line the limits of the known half-lives.
ing plot of the implanted nuclei in the right upper part
of Fig. 1 demonstrates the additional selection by the
implantation condition.
The half-lives of the nuclei were determined from po-
sition and time correlations between the implantation of
the fully identified nuclei and the first β-like event ob-
served after implantation, shown in the lower part of Fig.
1 for the case of 195Re. We observed a beam-induced
background in the recorded time-correlation spectra,
originating from the time structure of the previously im-
planted nuclei and the presence of δ or atomic electrons
generated during the beam pulse. The time structure
of the beam, which is given by the periodic operation
cycles of the synchrotron, is shown in the inset in the
lower part of Fig. 1. In order to disentangle the back-
ground from the real events, the time differences between
a given implantation and the previous β-like event was
accumulated, shown in Fig. 1 by the dashed line. The ra-
tio between the forward- and backward-time correlations,
which decreases with time, contains the information on
the ‘true’ fragment-β correlations.
In order to cope with the complex time structure in
the present data, we developed a new method [12] to de-
termine the β-decay half-lives: The experimental data
were fitted with a numerical function (rather than an
analytical function), obtained from Monte-Carlo simu-
lations of time correlations between implantations and
β-decay events, with the conditions found in the experi-
ment. We performed sets of simulations with given val-
ues of β efficiency and lifetime, and we calculated the χ2
from the measured and simulated ratios of the spectra
3TABLE I:Measured β-decay half-lives compared with different
model calculations.
Nuclide T1/2 DF3+QRPA Gr. Th. FRDM
(s) (s) (s) [20] (s) [19]
202Ir 11+3−3 9.8 8.5 68.4
199Ir 6+5−4 46.7 96.6 370.6
198Ir 8+2−2 19.1 — 377.1
200Os 6+4−3 6.9 16 187.1
199Os 5+4−2 6.6 17.2 106.8
196Re 3+1−2 1.4 5.1 3.6
195Re 6+1−1 8.5 10.3 3.3
194Re 1+0.5−0.5 2.1 16.1 70.8
of time correlations in forward and backward time for
each set of simulations. This new analysis method solves
a problem often arising in in-flight secondary-beam ex-
periments when using conventional analysis tools, if the
primary beam is delivered by a synchrotron.
In Table I we list the half-lives determined in this work
with their uncertainties. Figure 2 shows the region of
the chart of nuclides covered by the present work. The
nuclear half-lives are indicated by the color scale, and the
circles represent the half-lives measured in this work. We
were able to synthesize more than 190 heavy neutron-rich
nuclei ‘south’ of lead, 25 of which were identified for the
first time.
The data of the new experiment do not extend to
the extremely proton-deficient N = 126 nuclei on the
r-process path (Z ≈ 65 − 72). Therefore, r-process sim-
ulations still rely on theoretical models for the β-decay
half-lives. These calculations have been done globally,
i.e. for all r-process nuclei within the same framework,
based on the Quasi-Particle Random Phase Approxima-
tion (QRPA) on top of macroscopic-microscopic mass
models like the Finite Range Droplet Model (FRDM)
[14] or the Extended Thomas Fermi with Strutinski
Integral (ETFSI) approach [15], while Hartree-Fock-
Bogoliubov (HFB) [16] and shell model [17] calculations
have been reported for the N = 126 waiting point nu-
clei. However, the later two calculations considered only
allowed Gamow-Teller (GT) transitions, while the work
of Borzov [18], based on the continuum QRPA approach
on top of mean-field ground states derived within the
density-functional (DF) theory, includes the GT and
first-forbidden (FF) transitions consistently within the
same microscopic approach. This study gives strong ev-
idence for important contributions of FF transitions to
the total half-lives arising from ν3p1/2 → pi3d3/2 and
ν1i13/2 → pi2h11/2 neutron-proton transitions and hence
implies pure GT estimates of the half-lives of theN = 126
waiting points insufficient. As a consequence, FF transi-
tions, however, derived within the statistical gross theory,
have recently been added to the FRDM/QRPA approach
(noted FRDM in the following) [19]. Importantly the
theoretical models predict noticeably different half-lives
for the N = 126 waiting point nuclei making these input
data for r-process simulations quite uncertain.
Although the nuclei studied here are not located on
the r-process path, they are close enough to the N = 126
waiting points to serve as stringent tests for the theo-
retical predictions. In Table I we compare our measured
half-lives with the prediction of the FRDM approach [19],
the statistical ’gross theory’ (Gr. Th.) [20] and a new mi-
croscopic calculation (DF3+QRPA) based on the Fayans
energy-density functional. The later follows the half-life
calculations for N ∼ 126 nuclei as described in [18]. How-
ever, the strength functions for GT and FF transitions
are calculated with no energy-dependent smearing. We
stress that the DF3 functional used here describes the
Qβ values of neutron-rich nuclei quite well [18]. Further-
more, the same approach has been proven to reproduce
the measured half-lives of spherical nuclei in different re-
gions of the nuclear chart (Z = 20 − 30, N ≈ 50 [18],
Z = 42− 49, N ≈ 82 [21]) quite well.
As can be seen in Table I, our DF3+QRPAmodel gives
also a good account of the present half-lives, with the
one exception of 199Ir. The gross theory parametriza-
tion describes the data fairly well. On the other hand,
the FRDM half-lives are for most nuclei more than one
order of magnitude longer than the data. Fig. 3 com-
pares half-lives from the FRDM and DF3+QRPA mod-
els for the Ir, Os and Re chains, including the N = 126
isotopes, and with data if available. For the odd-Z Re
isotopes both models yield quite similar half-lives for the
neutron-rich nuclei. However, both for the even-Z Os iso-
topes and odd-Z Ir isotopes the FRDM predicts substan-
tially longer half-lives than the DF3+QRPA calculations
and the available data. The consistently good agreement
of the results of the spherical DF3+QRPA model with
the presently reported half-lives, and with those in other
regions of the nuclear chart, places some confidence in
applying this approach also to the N = 126 r-process
waiting points.
The calculated half-lives for the N = 126 isotones are
shown in Fig. 4. Compared to the FRDM [19], which
is often used in r-process simulations, the DF3+QRPA
gives substantially shorter half-lives and does not show
a pronounced odd-even staggering. Thus the break
through the N = 126 waiting points, and hence the mat-
ter flow to the heavier fissioning nuclei [22], is faster. The
GT contributions to the DF3+QRPA half-lives are very
similar to those calculated with the shell model [17] and
somewhat faster than the HFB results [16]. We note,
however, that FF transitions, which speed up the half-
lives (Fig. 4), are missed in the calculations of [16, 17].
In summary, an important step has been achieved in
the study of new neutron-rich nuclei approaching the neu-
tron closed shell at N=126. It has been shown that the
N=126 region far below the doubly magic 208Pb has be-
4FIG. 3: (Color online). The total β-decay half-lives for Re, Ir and Os isotopic chains calculated within DF3+CQRPA in
comparison with the ones from FRDM(GT+FF) [19], both with Gamow-Teller plus first-forbidden transitions. Filled triangles
correspond to the experimental values measured in this work, circles (Os isotopes) to half-lives taken from literature [13].
FIG. 4: (Color online). Calculated total β-decay half-lives for
N = 126 isotones: triangles correspond to DF3+CQRPA cal-
culations including only Gamow-Teller transitions (triangles-
down) and Gamow-Teller plus first-forbidden transitions
(triangles-up); Squares correspond to Shell-Model (GT) [17]
calculations and crosses correspond to FRDM(GT+FF) half-
life [19] calculations.
come accessible experimentally, and half-lives for nuclei
reasonably close to the N = 126 r-process waiting points
have been determined. Thus, for the first time data exist
which put stringent constraints on the theoretical models
required to calculate the half-lives of these r-process nu-
clei. We find that a comparison of the measured half-lives
with those of a DF+QRPA calculation presented here is
quite satisfactory, placing some confidence into the pre-
diction of this model for the half-lives of the N = 126
r-process waiting-point nuclei. The calculations indicate
significant contributions of first-forbidden transitions to
the half-lives which have been either ignored or insuffi-
ciently accounted for in previous studies.
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